The dynamic resistance has been investigated during small scale resistance spot welding (SSRSW) of Ni sheets. Electrical measurements have been correlated with scanning electron microscope images of joint development. The results show that the dynamic resistance curve can be divided into the following stages based on physical change in the workpieces: asperity heating, surface breakdown, asperity softening, partial surface melting, nugget growth and expulsion. These results are also compared and contrasted with dynamic resistance behaviour in large scale RSW.
Introduction
In resistance spot welding (RSW) the heat to form a weld is generated by the resistance to the flow of electric current through the sheets being joined. This resistance involves electrode and sheet bulk resistances as well as electrodeto-sheet and sheet-to-sheet contact resistances [1] . The study of the changes in resistance during welding (dynamic resistance) can help in understanding process mechanisms [2] , optimizing process parameters [3] and developing quality control strategies [4] . Therefore, dynamic resistance behaviour during RSW has attracted lots of research interest.
There is an increasing demand during fabrication of electronic and medical devices to join very thin metal sheets (thinner than 0.2-0.5 mm), most being similar and dissimilar combinations of non-ferrous metals [5, 6] . This application of RSW, generally termed small scale RSW (SSRSW), requires much more precise electrical and mechanical control, and uses lower electrode force and current/energy input. However, there remains a lack of understanding of SSRSW despite the increasing demand. Conversely, extensive research and development work has been carried out in the area of 'large scale' RSW (LSRSW) of relatively thick sheet steels (thicker than 0.6-0.8 mm) mainly for applications in the automotive and appliance industries [7, 8] . For example, recently most published dynamic resistance studies have been based on LSRSW of steels using a line-frequency ac power supply (see details in the following section), with which the shape of the dynamic resistance curve is suggested to be suitable for quality control. Some of the control strategies developed have been successfully used in industrial production [9] . Compared with LSRSW, limited research has been published on SSRSW, especially on dynamic resistance. The objective of this work is to study the relationship between nugget development and dynamic resistance curves during SSRSW of Ni using a dc power supply.
Technical background
Contact resistance is a useful theoretical idealization of the real physical situation. For example, in experiments (figure 1), the measured sheet-to-sheet resistances always include part of the bulk resistance of the sheets [8] . Therefore, the dynamic resistance, R, between two sheets will follow the equation:
where R C , R F and R B are the constriction resistance, film resistance for metals with film or contaminant on the surface and bulk resistance, respectively. The bulk resistance R B could be calculated using the following equation:
where ρ is the resistivity, l is the length of current path (one sheet thickness when the two sheets are identical in thickness) and A is the area of current path. For metals with clean surfaces, the contact resistance is equal to the constriction resistance [10, 11] . The constriction resistance R C has frequently been found to follow the relationship [10] R C = 0.89ρ ξH nF
where ρ is the resistivity of contact spots, H is the hardness, F is the compressive force and ξ is the pressure factor, its value ranges from about ξ = 0.2 for surfaces with considerable elastic action to ξ = 1.0 for totally plastic contact. A value of ξ = 0.7 is often a fair approximation when detailed study is not warranted [11] . n is the contact spot number, polished, well-rounded crossed cylinders tend toward n = 1; large, overlapping, flat, electroplated surfaces have values of n more often between 10 and 20 [11] . For metals with film or contaminant on the surfaces, the contact resistance is equal to constriction resistance plus film resistance. In classical theory, when there is a dielectric film on the surface of metal, the electrons will not be able to go through the film. However, according to quantum physics, electrons may be able to pass the film by tunnelling when the film thickness is comparable with the electron mean free paths of metals at room temperature, which are in the range of 50-5000 Å [11] . The film resistance R F can be written as [10, 11] 
where ρ t , the film resistance per unit area is called tunnel resistivity [11] . The tunnelling effect is temperature independent [11] and very sensitive to the film thickness [10] . As a voltage is applied to the film, electrical breakdown occurs with a field strength typically of the order of 10 8 V m −1 [11] . The film may also possibly be disrupted mechanically by contact force, which is called mechanical breakdown [11] .
From equation (1) , the dynamic resistance during RSW is the result of the sum of bulk resistance, constriction and film resistances, and the dominance of each component may change during the welding sequence. For example, the passage of welding current would reduce the resistance by breaking down the film but might increase the resistance by increasing temperature and hence the resistivity.
First in 1938, Hess and Ringer [8] showed that during RSW of polished stainless steel the sheet-to-sheet dynamic resistances rose initially to a maximum and subsequently fell to a lower value due to the formation and growth of a molten weld nugget. Since an ac power supply was used in this study and the resistances were calculated from measurement of peak current and peak voltage at each half cycle on oscillograms, the resolution of the dynamic resistance curve was low. In 1951, Roberts [12] observed the breakdown of contact resistance caused by the passage of a single cycle of high magnitude current on stainless steel and low carbon steel specimens. His study also showed that during the formation of a nugget in stainless steel, a continuous decrease in dynamic resistance was observed. The dynamic resistance curve for low carbon steel welds showed that after the breakdown of contact resistance, the resistance rose to a maximum and subsequently fell to a lower value, which becomes the basis for quality control strategies [4] .
Later, in 1980, Dickinson et al [2] proposed six stages to characterize the dynamic resistance during welding of steels based on the competition between bulk resistance and contact resistance (figure 2). In stage I, the initial generation of heat would be concentrated at the surfaces due to the existence of surface contaminants. This heating caused the surface contaminants to break down, resulting in a very sharp drop in resistance. In stage II, the asperity softening caused the resistance to continue to decrease, but the increasing temperature resulted in an increase in the resistivity, thus providing the opposite effect. In stage III, the increase in bulk resistivity resulting from increasing temperature dominated the resistance curve. In stage IV, melting occurred, the dynamic resistance curve reached a β peak at which resistance started to drop due to molten nugget growth, and mechanical collapse overcame the resistance rise resulting from increasing temperature. In stage V, the growth of the molten nugget and mechanical collapse continued to cause the resistance to decrease. If the nugget grew to a size such that it could no longer be contained by the surrounding solid metal under the compressive electrode force, expulsion would occur resulting in a sudden drop in dynamic resistance. 
Experimental procedure
Nickel sheets (Ni 200, annealed) 0.2 mm in thickness were used in this study. Lap-welded joints were made using coupons approximately 40 mm long and 8 mm wide. The two sheets were placed such that their rolling directions were parallel to each other. Prior to welding, the samples were cleaned for 10 min in acetone using an ultrasonic cleaner.
A dc welding power supply MacGregor DC4000P was applied in this study. The weld head was Unitek 80A/115 (air activated). Flat-ended round RWMA Class 2 (Cu-Cr) electrodes 3.2 mm in diameter were used. The experimental set-up is shown in figure 1 . The initial static resistance was measured using a digital micro-ohmmeter after welding force was applied but before the welding current was initiated. Dynamic signals were monitored by a data acquisition system controlled by a PC running MATLAB. A standard resistor R s was in series in the welding current loop, the voltage drop through the resistor U s was recorded by the data acquisition system. The welding current was computed as I = U s /R s . The voltage drops through the electrode-to-sheet and sheet-tosheet interfaces were recorded as U 1 , U 3 and U 2 . The dynamic resistances through the three interfaces were calculated as R 1 = U 1 /I , R 2 = U 2 /I and R 3 = U 3 /I , respectively. Welding current was applied as shown in figure 3 with a ramp-up time of 22 ms and hold time of 99 ms. The welding force was 51 N. As-welded joints were peeled and the bond area diameters were estimated from the fractured faying surfaces and/or pulled-out buttons using the scanning electron microscope (SEM). Figure 4 shows the sheet-to-sheet dynamic resistances at welding currents of 1600 A (sample 1) and 2200 A (sample 2), in which the identical ramp-up time at 22 ms resulted in a rate of current increase before reaching the welding current at 73 A ms −1 and 100 A ms −1 for samples 1 and 2, respectively. Both dynamic resistance curves showed a peak in the initial stage with initial static resistances at 0.27 m and 0.29 m , respectively, for samples 1 and 2. A second peak was seen in the curve for sample 2 but not for sample 1. The examination of fractured faying surfaces after welding showed that only partial surface melting [13] occurred with sample 1 (figure 5, indicated by fractured local welds at asperity peaks). For sample 2, a 1.00 mm diameter nugget was formed and expulsion was observed at the faying surface ( figure 6 ). This may indicate that the second peak was associated with the formation of the fusion nugget.
Results
The next step was to investigate the first resistance peaks in figure 4 . It was first observed that, as the welding current ramped up from time zero, the sheet-to-sheet voltage drops were very close for samples 1 and 2 at the first resistance peaks (0.160 V and 0.171 V, respectively). Additional measurements at different welding currents were then made of the voltage drops at the first resistance peaks. The results were very interesting: voltage drops were very consistent at 0.163 ± 0.013 V (the mean plus and minus one standard deviation, based on 16 samples, including samples 1 and 2 in figure 4 ). These voltage drops were believed to be electrical breakdown voltages, which, according to O'Dwyer's work [14] , should be a property of the film thickness. Nine additional samples were thus annealed at 573 K for 40 min in air to grow the surface oxides to investigate the effect of annealing on the voltage drops. The results were again very close, being 0.231 ± 0.018 V. This test provided further confirmation that these voltage drops may be electrical breakdown voltages.
A group of joints (of as-received sheets) was then made with the same welding current of sample 2 (at 2200 A) but the welding process sequences were terminated at different instants to further investigate the relationship between the nugget formation and dynamic resistance. The initial static resistances were, based on 11 samples, about 0.211 ± 0.053 m . The dynamic resistance results are shown in figures 7-13 and described below. For better clarity, the dynamic resistance curves were expanded in the dashed rectangle range marked in figure 4 .
According to figure 4 , the dynamic resistance of sample 2 increased as the current was applied and reached the first peak at about 4 ms welding time (counting from time zero), then started to drop. When the welding current was shut down at 9 ms, the dynamic resistance curve experienced the first peak and reached the dropping stage (figure 7(a)). There was little visible change at the contact area compared with the unwelded surface (figures 7(b) and (c)). The decrease in dynamic resistance at this stage is believed to be due to the film breakdown at the contact surfaces.
When the welding current was shut down at 11 ms, the dynamic resistance curve was still at the dropping stage ( figure 8(a) ). SEM examination indicated that the asperities at the contact surface were flattened ( figure 8(b) ), but little evidence of melting was found in the contact area. The decrease in dynamic resistance at this stage is believed due to the softening of the asperities under elevated temperature, so that the actual contact area increased hence lowering the contact resistance.
When the welding current was shut down at 14 ms, the dynamic resistance curve was still at the decreasing stage, but it ran into a slowly dropping range ( figure 9(a) ). Partial surface melting was found to have occurred at the faying surface ( figure 9(b) ). When the welding current was shut down at 18 ms, the dynamic resistance curve showed the tendency of rising ( figure 10(a) ). A fusion nugget of 0.35 mm diameter was formed at the faying surface ( figure 10(b) ). This suggests that the valley point of the dynamic resistance curve is where the fusion nugget started to form. When the welding current was shut down at 19 ms, the dynamic resistance curve reached the rising stage after the valley point ( figure 11(a) ). The fusion nugget diameter increased to 0.58 mm ( figure 11(b) ). When the weld current was shut down at 20 ms, the dynamic resistance curve appeared to reach its second peak ( figure 12(a) ). The fusion nugget diameter increased to 0.91 mm (figure 12(b)), which is about the maximum nugget size without expulsion that can be produced for this Ni sheet under this electrode tip size and electrode force set-up. According to figures 10-12, the increase in dynamic resistance in this stage was mainly due to the growth of the fusion nugget.
When the weld current was shut down at 21 ms, the dynamic resistance curve started to drop after the second peak ( figure 13(a) ). The fusion nugget diameter was 0.97 mm, and metal expulsion was observed at the faying surface ( figure 13(b) ). It can be concluded that this drop was due to the expulsion, similar to what is observed in LSRSW [2] , which caused the loss of molten metal, so that the thickness of the sheet at the weld position decreased, resulting in shortening of the current path.
Discussion

Static resistance
As mentioned above, the measured resistance between the two sheets includes one sheet-to-sheet contact resistance and the effective bulk resistance of one sheet. According to a numerical calculation on 0.2 mm thick mild steel sheets [15] , the initial sheet-to-sheet apparent contact radius for mild steel is about 2.4 mm. Since the elastic modulus of Ni is equal to that of mild steel (table 1), it is believed that the initial sheet-tosheet apparent contact radius for Ni sheets was about 2.4 mm in this experiment. With the sheet thickness at 0.2 mm and the resistivity of Ni at room temperature at 0.692 × 10 −7 m (table 1), the bulk resistance is about 0.0008 m calculated from equation (2) . It is obvious that the majority of the initial resistance (about 0.15-0.26 m , see the previous section) was contact resistance. This is consistent with the observation in LSRSW of steels [12] that contact resistance dominates initial static resistance and plays a very important role in the initial stage of the welding process.
In the milder environments, the film on Ni is largely, if not exclusively, NiO of perhaps a limiting thickness of 30-50 Å. It has been assumed that this remains as a passivating film which grows no further [16] . The NiO film is as Ω Figure 7 . Sheet-to-sheet dynamic resistance curve (a) and the faying surface of sample made with 9 ms welding time (b) as well as unwelded surface (c).
strong as the metal. It scarcely ruptures at contact make [10] . Holm has measured the contact resistance of crossed rod nickel cylinders of 2 mm diameter at room temperature, and the tunnel resistivity of nickel oxide film was calculated based on elastic contact and plastic contact. For elastic contact, the tunnel resistivity of nickel oxide film ρ t is about 54 × 10 −13 m 2 . While for plastic contact, ρ t is about 92 × 10 −13 m 2 [10] . It has been shown that asperity deformation is generally plastic in most practical applications [16] . Therefore, the plastic tunnel resistivity value is taken for consideration in equation (4), and the calculated film resistance for nickel at room temperature in this experimental set-up will be about 0.09 m . According to equation (3) (table 1), the constriction resistance of nickel at room temperature will be 0.04-0.06 m . Therefore, the sheet-tosheet initial resistance was estimated using equation (1) to be 0.13-0.15 m , which is close to the measured values.
To further investigate the initial behaviour of film and constriction resistance components, an assembly with the static resistance of 0.23 m was subjected to only the first 5 ms of the 2200 A welding current programme. The dynamic resistance curve experienced the first peak and reached the dropping stage (curve I in figure 14) . The welding force was left applied to this joint assembly, and without moving the specimen, after 1 min for heat to conduct away, the static resistance was then measured to be 0.11 m . A second 5 ms welding current impulse was then re-applied on the same assembly, and the dynamic resistance appeared as curve II in figure 14 . The static resistance was found to maintain at 0.11 m after repeating the same current impulse for 5 times at a frequency of once per minute. This suggested that the 5 ms current impulse only broke the oxide film without causing asperity softening. SEM examination showed that there was little visible change at the contact area compared with the unwelded surface, this confirms the above idea and suggests that the film resistance for this assembly was about 0.23 − 0.11 = 0.12 m . The film resistance for pairs of this sheet material, based on 15 samples, was measured to be about 0.134±0.027 m . Clearly, the peak in dynamic resistance curve I in figure 14 was due to the film breakdown at the contact surfaces. The comparisons between the measurements and the calculations are summarized in table 2.
Dynamic resistance
The dynamic resistance during RSW, based on equation (1), is really the result of the changes in bulk and contact resistances. As welding progresses, the breakdown of surface films will cause a decrease of dynamic resistance. The resistivity of bulk material and asperities will increase because of increase of temperature, resulting in increase of dynamic resistance. The softening of asperities occurs causing increase of contact area thus decreasing the dynamic resistance. The solid to liquid phase transformation of Ni during nugget formation will subsequently increase dynamic resistance because there is a large resistivity difference between solid Ni and liquid Ni at the melting temperature ( figure 15 ). These changes provide a physical basis to divide the dynamic resistance R into the following stages (figure 16): (1) asperity heating; (2a) surface breakdown; (2b) asperity softening; (2c) partial surface melting; (3) nugget growth and (4) expulsion. For clarity, a different numbering system was introduced in the dynamic resistance curve of SSRSW. Instants A, B and C and stages 1, 2, 3 and 4 were used in SSRSW instead of instants α and β and stages I, II, III, IV and V, as used in LSRSW (figure 2) [2] . The relative contributions to dynamic resistance of dynamic film resistance R F , constriction resistance R C and bulk resistance R B during a welding sequence are illustrated schematically in figure 16 , which also shows the process stages and time instants defined above.
Stage 1.
When the welding current passed, the contact spots were first heated although the bulk material would still be cool. According to equation (3), the constriction resistance would increase as temperature increases, since the resistivity increases with temperature. This would cause an increase in dynamic resistance because the initial resistance was dominated by contact resistance.
Due to its face-centred cubic crystal structure, the hardness of nickel shows little change with temperature lower than its softening temperature [17] , and no obvious microstructural change was observed on the faying surfaces after welding until long after the first resistance peaks (figure 7), it is reasonable to assume that the temperature built up at the first stage was much lower than the softening temperature (table 1) and that the contact status did not change. Assuming the temperature built up was 773 K at the contact spots and the bulk material remained was much lower than 773 K, the only visible changed component of R in this stage is R C . Application of the material properties (table 3 and figure 15 ) to equation (3) produced a predicted sheet-to-sheet resistance increase of 0.19-0.26 m . This is much higher than the resistance increase observed at the initial stage (e.g. about 0.08-0.10 m in figure 4 ). This confirms that the temperature increases at the faying surfaces were lower than the softening temperature (table 1) .
However, this heating stage has usually been missed in the observations during previous LSRSW process studies (figure 2). The main reason may be that, in general, surface conditions are less clean in LSRSW than in SSRSW. When Ni sheets after annealing at 573 K in air for 40 min were used to make joints at the same current of sample 2 (2200 A, 22 ms ramp-up time), the dynamic resistance curve appeared as sample 3 in figure 17 . Comparing the curve for sample 3 Figure 14 . Sheet-to-sheet dynamic resistance curve of sample made with 5 ms welding time of the 2200 A programme. Figure 15 . Resistivity plotted against temperature for pure Ni and Fe [21] . (This figure is in colour only in the electronic version)
in figure 17 and for sample 2 in figure 4 , the first heating stage was missed for sample 3. This suggests that at the same current setting, the thicker the surface oxide, the more difficulty would be experienced in observing the first resistance peaks. A careful literature study indicated just one LSRSW case in which the first resistance peaks were visible. This was a study on LSRSW of degreased and pickled steels [18] , in which a small peak appeared at the initial stage followed by a β peak in the dynamic resistance curve; the initial peak did not appear on as-received steels. However, the author did not clearly identify this peak or perform further study. It therefore appears that the initial dynamic resistance peak will only be visible when surface films are present but they are thin enough and the current increase rate is low enough so that significant asperity heating occurs before the occurrence of film breakdown. A related reason for the missing of the initial stage before film breakdown in LSRSW is that the welding currents in LSRSW are mostly ac, with which the rate of current increase is very fast. As shown in figure 17 , with the same annealed material, the first peak was only observed at a slow rate of current increase for sample 4 (2 A ms −1 ) but not at the fast rate of current increase for sample 3 (100 A ms −1 ). As mentioned above, the breakdown voltage for an annealed sample is about 0.231 V. According to the dynamic resistance curve for sample 4 (figure 17), the film started to break down when the dynamic resistance reached about 5.5 m . Meanwhile, when the current reached about 42 A (I = U/R, I is the current, U is the voltage drop, R is the resistance), the film started to break down. For a current rising from zero at a rate of 100 A ms −1 , the breakdown instant will be at 0.42 ms, so that the heating stage would be missed for sample 3 due to the limited resolution of the measurement instrument. For a current rising from zero at a rate of 2 A ms −1 , the breakdown instant will be at about 21 ms, allowing the asperity heating stage to be captured by the instrument. Most dynamic resistance measurements in LSRSW have used ac currents, in which the rate of current increase was at the order of 2000 A ms −1 . It was observed in this work that, even in SSRSW using ac with a rate of current increase in the order of 500 A ms −1 , no first peak was observed on as-received Ni sheets.
Stage 2a.
In this stage, the dynamic resistance dropped because of electrical breakdown of surface films ( figure 16 ). Under normal conditions, surface films (oxide layers or other contaminants) will exist on the sheet surface. As mentioned earlier, in the milder environments, the film on nickel is largely, if not exclusively, NiO of perhaps a limiting thickness of 30-50 Å [16] . Electrical film breakdown for NiO occurs with a field strength of (1.1-1.4) × 10 8 V m −1 [10] . Therefore in theory, applying a potential of 0.3-0.7 V on the contact interface will cause film breakdown at the nickel-to-nickel interface. In figure 4 , the dynamic resistances for both samples were found starting to decrease when the sheet-to-sheet voltage drop reached about 0.16 V, which is slightly lower than the predicted breakdown voltage based on a flat dielectric film. This may be due to field enhancement by small projecting asperities [11] , so that the required breakdown voltage is lower than the predicted value. When the breakdown occurs, the film resistance will decrease ( figure 16 ). This will result in a very sharp drop in dynamic resistance and is very similar to the stage I in LSRSW (figure 2) [2] , in which the film would break down mechanically or electrically.
Stage 2b.
This stage is similar to stage II of figure 2 [2] , in which, as heating progressed, the asperities softened and the real contact area increased thus causing contact resistance and hence dynamic resistance to continue to drop. However, in LSRSW (figure 2), the competition between contact and bulk resistances results in an increase in dynamic resistance later after instant α since the contact resistance disappears very quickly under the resistance heating and large compressive force. At the same time, the resistivity of the sheet material increased with increasing temperature and hence caused an opposite effect. As temperature increased, the contribution of bulk resistance to dynamic resistance would gradually be higher than that of contact resistance and finally determined the tendency of dynamic resistance. On the other hand, in SSRSW, since the dynamic resistance was still dominated by contact resistances (because of the relatively low surface compressive pressure [15] ), the overall behaviour of dynamic resistance reflected the tendency of growth of contact area and decreased continually at this stage.
Stage 2c.
In this stage, the dynamic resistance, apparently affected increasingly by bulk resistance, continued to drop but at a much lower rate and eventually reached its minimum. This is different from LSRSW, in which bulk resistance dominates the dynamic resistance soon after softening occurs and thus dynamic resistance increases, reflecting the tendency of increasing bulk resistance (figure 2, stages II and III). In SSRSW, the contact resistance may not dominate the dynamic resistance after melting begins, but it remains significant up to this point, again due to the related low electrode force and faying surface compressive stress used in SSRSW compared with that in LSRSW. As the heat built up, some contact spots started to melt and the contact area continued to increase, so that the contact resistance decreased. However, in its liquid phase Ni has much higher resistivity than solid Ni (figure 15), also the sheet bulk resistance increases at higher temperature, offsetting the effect of area increase: the rate of decrease of dynamic resistance reduced and finally reached the valley point B (figure 16). figure 16 ), most contact resistance should have disappeared and the dynamic resistance began to reflect essentially the behaviour of bulk resistance. Since there is large resistivity difference between liquid and solid Ni phases (figure 15), as the fusion nugget formed and grew, the dynamic resistance increased correspondingly until the nugget reached its maximum diameter and/or thickness at the C instant.
Stage 3. After the B valley (
At the B valley, since the surface started to melt, the bulk temperature was very close to the melting point. According to a numerical calculation [15] , the sheet-to-sheet contact diameter at this stage would be about 1.3 mm. Assuming the central portion of the joint as a solid cylinder at 1.3 mm in diameter and 0.2 mm in length, the sheet-to-sheet bulk resistance would be about 0.095 m by equation (2) using resistivity value at 6.3 × 10 −7 m (table 3 and figure 15 ). As a comparison, the experimental observations in this work (e.g. figures 4, 10(a), 11(a), 12(a) and 13(a)) indicated that those minimum resistances were about 0.10-0.13 m , only slightly higher than the predicted 0.095 m , because there was a thin layer of higher resistivity liquid Ni between two sheets.
At the C peak, the nugget was almost at its maximum at diameter of 1.0 mm. Assuming the central portion of the joint as a liquid cylinder at 1.0 mm in diameter and 0.2 mm in length, the sheet-to-sheet bulk resistance would be about 0.22 m by equation (2) using resistivity value at 8.63 × 10 (table 3  and figure 15 ). This is slightly higher than the experimental observations (e.g. figures 4, 12(a) and 13(a), 0.15-0.18 m ), which is due to the surrounding contacted solid providing a shunting path for the current. In LSRSW of mild steel, the effect of macro mechanical collapse is normally so effective that the dynamic resistance starts to drop at the instant β before the nugget reaches maximum size, because the electrode pressure in LSRSW is much higher than that in SSRSW.
The difference between the B and C in this work (figures 4, 12 and 13) is about 0.04 m , which is very close to the difference between α and β in LSRSW of mild steel, at about 0.03 m [12] . Similar to the case in LSRSW, the dynamic resistance curve of SSRSW of Ni could also be used in quality control since the features of nugget formation are similarly obvious.
Stage 4.
When energy input is too high, the surrounding solid material cannot hold the liquid phase and weld metal expulsion occurs [2] . The bulk resistance shows a sudden drop (figure 16) due to loss of material causing the shortening of the current path. Then the rate of heat generation (q = I 2 R) decreases, the temperature starts to drop, although the welding current continues to pass. The decrease in temperature in turn lowers the bulk resistivity and promotes the decrease of dynamic resistance until the heat generation and heat dissipation reach an equilibrium state. Another factor contributing to the reduction of dynamic resistance in the final expulsion stage is, as the surrounding material continues to collapse, the sheet-to-sheet contact area increases, so that the dynamic resistance is further decreased. While there is no direct experimental proof of the above sequence, the research on FEM simulation of SSRSW of mild steel [15] showed that the temperature started to drop after the 4th cycle, which is consistent with the dynamic resistance curve in this work.
Bhattacharya and Andrew [19] has predicted that the dynamic resistance curve during RSW of nickel will be very similar to that during LSRSW of mild steel due to their close softening temperature, melting temperature and resistivity (table 1) . However, there is an extra initial peak in the dynamic resistance curve for SSRSW of Ni mainly due to the clean Ni surface and the relatively low rate of current increase. In addition, the times of melting onset are different between SSRSW of Ni and LSRSW of steels possibly due to the much lower electrode force used in SSRSW. Also, the difference in electrode force and resistivity curve (figure 15) may result in the maximum nugget size being reached at instant C during SSRSW of Ni (figure 16), while the maximum nugget is formed after instant β during LSRSW of mild steel (figure 2).
Gedeon and Eagar [20] had shown that the electrodeto-electrode dynamic resistance curve during LSRSW of Zn-coated steel reflects the resistance change of the electrodeto-sheet interface as well as the resistance change of the sheet-to-sheet interface. This makes it difficult to use the electrode-to-electrode dynamic resistance as a quality control input variable. In this work on SSRSW of Ni, the shape of the electrode-to-electrode dynamic resistance curve was found to be very similar to the sheet-to-sheet dynamic resistance curve ( figure 18 ). Most importantly, the electrode-to-electrode dynamic resistance curve during SSRSW of Ni indicates the state of nugget formation and could be used for quality control.
Conclusions
The dynamic resistance during SSRSW of Ni has been investigated. Variation of the welding current waveform and material surface condition, and correlation of electrical measurements with observed material surface changes, have Ω Figure 18 . Sheet-to-sheet and electrode-to-electrode dynamic resistance curves of Ni.
permitted resolution of the rather complex physical phenomena that occur during the welding sequence. The following stages were defined based on the physical changes occurring in the workpieces during the welding process: asperity heating, surface breakdown, asperity softening, partial surface melting, nugget growth and expulsion. The major conclusions are summarized as follows:
1. At room temperature, the sheet-to-sheet static resistance as measured in a set-up for SSRSW of thin Ni sheet is dominated by sheet-to-sheet contact resistance. 2. An asperity heating stage causing an initial increase and peak in the dynamic resistance curve was observed during SSRSW of Ni under low rate of current increase. This effect, which has rarely been seen and not previously explained in RSW studies, is specifically associated with relatively clean surfaces with thin surface films and low current increase rate. 3. Surface film breakdown during SSRSW of Ni was found to occur at a definite voltage drop whose magnitude depended on the thickness of the surface oxide. 4. Surface asperities began to soften and constriction resistance to decrease shortly after the moment of film breakdown. However, lower electrode pressures in SSRSW were found to cause persistence of constriction resistance effects on the evolution of dynamic resistance until near the beginning of nugget initiation. 5. The times of melting onset and maximum nugget formation during SSRSW of Ni are different from those during LSRSW of mild steel because of the difference in electrode force and material resistivity. 6. A second peak was observed in the dynamic resistance curve during SSRSW of Ni indicating the formation of a fusion nugget, and this could be used as quality control input variable.
